(J Am Heart Assoc. 2020;9:e013583 DOI: 10.1161/JAHA.119.013583.)32204666

For Sources of Funding and Disclosures see page 14.

Clinical PerspectiveWhat Is New?Activation of mesenchymal stem cells with interferon‐γ promotes proregenerative characteristics and facilitates the anti‐inflammatory characteristics of naive mesenchymal stem cells, making them more potent therapy following ischemic stroke.What Are the Clinical Implications?There is an unmet need to develop proregenerative therapy for the treatment of ischemic stroke.Most clinical studies using mesenchymal stem cells use them in their naive form, which has limited anti‐inflammatory effect and little proregenerative impact.Interferon‐γ--activated mesenchymal stem cells injected at the acute phase of the insult exhibit both anti‐inflammatory and proregenerative effects leading to functional recovery.

 {#jah34960-sec-0008}

Nonstandard Abbreviations and Acronyms**7‐AAD** 7‐aminoactinomycin D**aMSCγ** interferon‐γ--activated mesenchymal stem cells**BDNF** brain‐derived neurotrophic factor**BMP1** bone morphogenetic protein 1**CNPase** 2′,3′‐cyclic‐nucleotide 3′‐phosphodiesterase**CSPG4** chondroitin sulfate proteoglycan 4**DCX** doublecortin**DIC** differential interference contrast**GDNF** glial cell‐derived neurotrophic factor**GFAP** glial fibrillary acidic protein**IFN‐γinterferon‐γIGF‐1insulin‐like growth factor 1IL‐4interleukin 4IL‐6interleukin 6LDH** lactate dehydrogenase**MBP** myelin basic protein**MCAO** middle cerebral artery occlusion**MG** microglia**MRI** magnetic resonance imaging**MSC** mesenchymal stem cells**MTT** 3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide**N.D.** not detected**nMSC** naive mesenchymal stem cells**NPC** neural progenitor cell(s)**NSC** neural stem cell(s)**OGD** oxygen‐glucose deprivation**OPC** oligodendrocyte progenitor cells**PDGFRα** platelet‐derived growth factor receptor α**SVZ** subventricular zone**TNF‐α** tumor necrosis factor α

Introduction {#jah34960-sec-0009}
============

Stroke is the fifth leading cause of death each year in the United Sates and is the number 1 cause of permanent disability in the world.[1](#jah34960-bib-0001){ref-type="ref"}, [2](#jah34960-bib-0002){ref-type="ref"} There are ≈800 000 new stroke victims in the United States each year, and almost 130 000 mortalities.[3](#jah34960-bib-0003){ref-type="ref"} The vast majority, around 90%, of stroke patients suffer from an ischemic stroke caused by temporary or permanent occlusion of a blood vessel to the brain.[4](#jah34960-bib-0004){ref-type="ref"} Current therapy options for ischemic stroke patients in the acute setting are drastically limited, with only 1 FDA‐approved drug, tissue plasminogen activator available. However, because of a number of limitations, mainly a therapeutic window of 3 to 4.5 hours, only 4% to 7% of patients are eligible for tissue plasminogen activator therapy.[5](#jah34960-bib-0005){ref-type="ref"} This therapeutic window can be increased to up to 24 hours with the addition of endovascular thrombectomy, but this type of therapy can only be administered in certain hospital settings and only after meeting a number of different treatment criteria.[6](#jah34960-bib-0006){ref-type="ref"}, [7](#jah34960-bib-0007){ref-type="ref"} Therefore, it is crucial for new therapeutic options to be developed for the treatment of these patients in the acute setting.

Inflammatory responses after stroke involve both peripheral immune cells and microglia. How these processes affect long‐term brain repair is still not fully understood. Many studies have demonstrated both detrimental[8](#jah34960-bib-0008){ref-type="ref"}, [9](#jah34960-bib-0009){ref-type="ref"} and beneficial[10](#jah34960-bib-0010){ref-type="ref"}, [11](#jah34960-bib-0011){ref-type="ref"}, [12](#jah34960-bib-0012){ref-type="ref"} effects of brain inflammation. Furthermore, these changes, and whether they are good or bad, often depend on the time frame in which they are studied, with the beneficial effects of these cells attributed to the chronic phase of stroke.[13](#jah34960-bib-0013){ref-type="ref"}, [14](#jah34960-bib-0014){ref-type="ref"}, [15](#jah34960-bib-0015){ref-type="ref"} There have been numerous research studies and clinical trials looking into the efficacy of anti‐inflammatory agents as stroke therapies; however, the majority of these studies reported either worse outcomes or no change from placebo,[16](#jah34960-bib-0016){ref-type="ref"} and all failed to make it beyond clinical trials.

Endogenous neurogenesis processes, long posited as therapeutic targets for brain repair, have largely been noncontributory in the setting of ischemic stroke. Although endogenous neural stem cells (NSC) do react acutely to ischemic stroke with increases in cell proliferation and cell migration,[17](#jah34960-bib-0017){ref-type="ref"}, [18](#jah34960-bib-0018){ref-type="ref"}, [19](#jah34960-bib-0019){ref-type="ref"}, [20](#jah34960-bib-0020){ref-type="ref"}, [21](#jah34960-bib-0021){ref-type="ref"}, [22](#jah34960-bib-0022){ref-type="ref"} only 10% to 20% of these cells survive long term.[18](#jah34960-bib-0018){ref-type="ref"}, [23](#jah34960-bib-0023){ref-type="ref"} These few surviving cells, however, do seem to mature into functional cells,[18](#jah34960-bib-0018){ref-type="ref"}, [24](#jah34960-bib-0024){ref-type="ref"}, [25](#jah34960-bib-0025){ref-type="ref"} with the majority of them becoming spiny neostriatal projection neurons[18](#jah34960-bib-0018){ref-type="ref"}, [24](#jah34960-bib-0024){ref-type="ref"} or calretinin‐positive interneurons.[26](#jah34960-bib-0026){ref-type="ref"} But despite these interesting data, it is still largely unknown why the vast majority of these new cells do not mature and survive long term and why they fail to support brain recovery.

Mesenchymal stem cells (MSC) have unique characteristics that make them an interesting tool to study brain repair after ischemic stroke. They have the ability to (1) reduce overall inflammation, thereby eliminating the potentially toxic environment that could be leading to NSC death,[27](#jah34960-bib-0027){ref-type="ref"}, [28](#jah34960-bib-0028){ref-type="ref"}, [29](#jah34960-bib-0029){ref-type="ref"} and (2) help support NSC survival and function via secretion of various neurotrophic factors.[29](#jah34960-bib-0029){ref-type="ref"}, [30](#jah34960-bib-0030){ref-type="ref"}, [31](#jah34960-bib-0031){ref-type="ref"}, [32](#jah34960-bib-0032){ref-type="ref"} To date, there have been many preclinical studies as well as clinical trials demonstrating the efficacy of MSC therapy in stroke preclinical studies and safety of MSC treatment in clinical trials.[33](#jah34960-bib-0033){ref-type="ref"}, [34](#jah34960-bib-0034){ref-type="ref"}, [35](#jah34960-bib-0035){ref-type="ref"}, [36](#jah34960-bib-0036){ref-type="ref"}, [37](#jah34960-bib-0037){ref-type="ref"}, [38](#jah34960-bib-0038){ref-type="ref"}, [39](#jah34960-bib-0039){ref-type="ref"}, [40](#jah34960-bib-0040){ref-type="ref"}, [41](#jah34960-bib-0041){ref-type="ref"}, [42](#jah34960-bib-0042){ref-type="ref"}, [43](#jah34960-bib-0043){ref-type="ref"}, [44](#jah34960-bib-0044){ref-type="ref"}, [45](#jah34960-bib-0045){ref-type="ref"}, [46](#jah34960-bib-0046){ref-type="ref"}, [47](#jah34960-bib-0047){ref-type="ref"} Nevertheless, the extent of recovery following MSC treatment is not clear. Importantly, the mechanism by which MSC treatment conveys a functional benefit is not known, which impedes the development of an effective therapy. Additionally, most of the clinical trials using MSC have utilized this treatment in subacute[39](#jah34960-bib-0039){ref-type="ref"}, [48](#jah34960-bib-0048){ref-type="ref"}, [49](#jah34960-bib-0049){ref-type="ref"}, [50](#jah34960-bib-0050){ref-type="ref"} and chronic[51](#jah34960-bib-0051){ref-type="ref"}, [52](#jah34960-bib-0052){ref-type="ref"}, [53](#jah34960-bib-0053){ref-type="ref"}, [54](#jah34960-bib-0054){ref-type="ref"}, [55](#jah34960-bib-0055){ref-type="ref"} stroke patients. Therefore, whether these cells can be an effective therapy acutely is largely unknown. Additionally, previous graft‐versus‐host studies have demonstrated that when MSC are activated by interferon‐γ (IFN‐γ) ex vivo (aMSCγ), their effect is greatly enhanced, and similar effect sizes can be seen using substantially fewer cells.[56](#jah34960-bib-0056){ref-type="ref"}, [57](#jah34960-bib-0057){ref-type="ref"} However, the efficacy of aMSCγ in brain repair is unknown.

In these studies we examined whether treatment with aMSCγ acutely after ischemic stroke could enhance functional recovery and compared its efficacy and mechanism to treatment with naive MSC (nMSC). In addition, we investigated how microglia and NSC responded to hypoxia and ischemia and how treatment with aMSCγ could regulate these cell types to promote long‐term functional recovery after stroke. Finally, we analyzed the secretome of aMSCγ and nMSC in an attempt to determine the factors underlying the extent of functional recovery that these treatments exert.

Methods {#jah34960-sec-0010}
=======

Detailed materials and methods can be found in Data [S1](#jah34960-sup-0002){ref-type="supplementary-material"}. Data sets generated or analyzed for these studies are available from the corresponding author upon reasonable request. Mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the MassIVE repository with the dataset identifier HYPERLINK \"<ftp://massive.ucsd.edu/MSV000082984>\"MSV000082984. Figure 6 and Supplemental Tables 3 and 4 were generated from these data.

Study Design {#jah34960-sec-0011}
------------

For all studies, sample sizes were predetermined using published data and our previous studies using G\*Power 3.1 (Department of Psychology, Heinrich Heine Universität, Düsseldorf, Germany)[58](#jah34960-bib-0058){ref-type="ref"} assuming a 2‐sided α level of 0.05, power of 80%, and homogeneous variances. Before the beginning of experiments, animals were randomly assigned to groups using a random number generator. Investigators responsible for data collection and analyses were blinded to group allocation throughout the experiments. End points were determined in advance as 24 hours, 1 week, or 3 weeks after reperfusion or for humane end points as determined by our institutional animal care and use committee. No data were excluded from these studies, and no outliers are reported.

Animals {#jah34960-sec-0012}
-------

All animal experiments were approved by the University of Illinois at Chicago Institutional Animal Care and Use Committee and are reported according to the ARRIVE (Animal Research Reporting of In Vivo Experiments) guidelines. For surgical experiments female Sprague‐Dawley rats (age 14‐16 weeks, weight 225‐275 g) were purchased from Envigo (Huntingdon, Cambridgeshire, UK) and were group housed and maintained in standard housing conditions (14/10 hour light/dark cycle) with access to food and water ad libitum. Postoperatively, the animals were singly housed.

Middle Cerebral Artery Occlusion {#jah34960-sec-0013}
--------------------------------

Focal cerebral ischemia was induced using the middle cerebral artery occlusion model (MCAO) as detailed previously.[59](#jah34960-bib-0059){ref-type="ref"} Briefly, anesthesia was induced and maintained in isoflurane in 100% oxygen for the duration of the procedure, and body temperature was maintained at 37±0.4°C via rectal probe--monitored heating pad. Ventral midline neck dissection was performed, and the right middle cerebral artery was occluded via intraluminal filament for 90 minutes before the filament was removed, and the animal was allowed to recover. The model is described in detail in Data [S1](#jah34960-sup-0002){ref-type="supplementary-material"}. Three hours following the onset of reperfusion after MCAO, the animals were reanesthetized with isoflurane, and MSC were administered intravenously via the retro‐orbital sinus. Cells were given at a dose of 5×10^6^ cells/kg.

Behavioral Testing After MCAO {#jah34960-sec-0014}
-----------------------------

Animals were scored using the modified neurological severity score obtained at baseline before surgery and on postoperative days 1 to 7, 14, and 21, with higher scores reflecting worse impairment. Animals were also subjected to open‐field testing for 15 minutes on postoperative days 1 and 7 using an open‐field apparatus (Med Associates, Inc, Fairfax, VT). Center/periphery analysis and rotational analysis were done using predetermined configurations in the corresponding Activity Monitor Software package (Med Associates, Inc).

Magnetic Resonance Imaging {#jah34960-sec-0015}
--------------------------

### Image Acquisition {#jah34960-sec-0016}

Forty‐eight hours after surgery, animals were anesthetized using isoflurane, and magnetic resonance imaging was performed using an Agilent 9.4T magnetic resonance system (Agilent Technologies, Santa Clara, CA) with a 600 mT/m gradient insert, a 72‐mm inside diameter active decoupling birdcage radiofrequency coil for transmission, and a 4‐channel phase‐array coil as the receiver (Rapid Biomed, Ripmar, Germany). In each animal T1‐, T2‐, and diffusion‐weighted magnetic resonance images were acquired using spin‐echo multislice sequences. For the T1 sequence, imaging settings were as follows: TR/TE=555/13 ms, field of view=40×40 mm, averages=6, matrix=256×256, slice thickness=1.0 mm, gap=0 mm. For the T2 sequence, imaging settings were as follows: TR/TE=2000/45 ms, field of view=40×40 mm, averages=4, matrix=256×256, slice thickness=1.0 mm, gap=0 mm. For the diffusion‐weighted imaging sequence, imaging settings were as follows: TR/TE=2000/45 ms, field of view=40×40 mm, averages=2, matrix=128×128, slice thickness=1.0 mm, gap=0 mm, 2 b‐values of 0 and 650 s/mm^2^, diffusion separation Δ=25 ms, diffusion gradient duration δ=5 ms.

### Infarct Volume Calculation {#jah34960-sec-0017}

Infarct volume and percentage infarction were calculated using the diffusion‐weighted magnetic resonance imaging (MRI) sequences. With correction for edema, these were calculated as follows:$$\text{Infarct\ volume}\mspace{6mu}{(\text{mm}^{2})}\,\, = \,\,\sum\limits_{1}^{n}\text{InV}_{n} - {(\text{IpV}_{n} - \text{CoV}_{n})}$$ $$\text{Percent\ infarction}\mspace{6mu}{(\%)}\, = \, 100\, \times \,\frac{\sum_{1}^{n}\text{InV}_{n}}{\sum_{1}^{n}{(\text{IpV}_{n} + \text{CoV}_{n})}}$$where the individual slice infarct volume is InV, the individual slice ipsilateral hemisphere volume is IpV, individual slice contralateral hemisphere volume is CoV, and n is the slice number.

MSC Isolation and Culture {#jah34960-sec-0018}
-------------------------

Female rats \<4 weeks of age were euthanized via isoflurane overdose and decapitation. Femurs and tibias were dissected out, and bone marrow plugs were flushed out of the bones. The cell suspension was washed, filtered through a 70‐μm cell strainer, spun, resuspended in warm growth medium, and plated at 37°C plus 5% CO~2~. Medium was changed after 24 hours and every 3 days thereafter. MSC were purified via magnetic bead negative selection using anti‐CD11b and anti‐CD45 antibodies to remove contaminating macrophages, and phenotype was confirmed via flow cytometry. Detailed methodologies are described in Data [S1](#jah34960-sup-0002){ref-type="supplementary-material"}. For in vitro activation with IFN‐γ, MSC were plated at a density of 3000 cells/cm^2^ and supplemented with 500 U/mL recombinant rat IFN‐γ on days 0 and 3 of plating. Cells were used on day 6 after plating. To collect MSC‐conditioned medium, MSC were plated at a density of 3000 cells/cm^2^ and were cultured normally or treated with IFN‐γ as above. On day 6 after plating, media were removed, cells were washed 3 times, and appropriate media were added. After 24 hours, media were collected, spun at 300*g* for 10 minutes to remove cell debris, and filtered through a 0.22‐μm syringe filter. Media were either used immediately or frozen at −80°C for use at a later time.

Statistical Analyses {#jah34960-sec-0019}
--------------------

All statistical analyses were done in GraphPad Prism (Version 7.03; GraphPad Software Inc, San Diego, CA). All data shown represent mean±SEM, and a probability of \<0.05 was considered statistically significant. Data were analyzed with nonparametric testing where appropriate. Individual statistical analyses are described in the appropriate text and figure legends.

Results {#jah34960-sec-0020}
=======

MSC Improve Functional Recovery Following MCAO {#jah34960-sec-0021}
----------------------------------------------

We set out to determine whether nMSC or aMSCγ could be beneficial in treating ischemic stroke acutely. To do this, rats were subjected to 90 minutes of MCAO, administered vehicle (saline), nMSC, or aMSCγ intravenously 3 hours after reperfusion, assessed using open‐field testing and modified neurological severity score,[60](#jah34960-bib-0060){ref-type="ref"} and had MRI performed to assess lesion sizes. We found that vehicle‐treated stroke animals performed worse during open‐field testing compared with sham animals (Figure [1](#jah34960-fig-0001){ref-type="fig"}A and [1](#jah34960-fig-0001){ref-type="fig"}B) and that both nMSC (Figure [1](#jah34960-fig-0001){ref-type="fig"}C) and aMSCγ treatments (Figure [1](#jah34960-fig-0001){ref-type="fig"}D) caused complete functional recovery. At 24 hours, we show that vehicle‐treated animals had traveled less distance (Figure [1](#jah34960-fig-0001){ref-type="fig"}E), for fewer times (Figure [1](#jah34960-fig-0001){ref-type="fig"}F), and for less time (Figure [1](#jah34960-fig-0001){ref-type="fig"}G) than did sham animals, and both nMSC and aMSCγ treatment corrected all of these metrics. Furthermore, all animals moved at the same velocity (Figure [1](#jah34960-fig-0001){ref-type="fig"}H), suggesting that the impairments in the vehicle‐treated animals are not an inability to initiate movement but rather an inability to sustain ambulation. Further, although not significant, vehicle‐treated animals had a trending preference for turning in a clockwise fashion (Figure [1](#jah34960-fig-0001){ref-type="fig"}I; a manifestation of unilateral brain injury) compared with sham animals, with MSC treatment eliminating this preference. These changes were maintained 7 days after surgery (Figure [1](#jah34960-fig-0001){ref-type="fig"}J through [1](#jah34960-fig-0001){ref-type="fig"}N).

![Mesenchymal stem cells (MSC) improve functional recovery and infarct volume following middle cerebral artery occlusion (MCAO).\
**A** through **D**, Representative open field line tracking of sham+vehicle (**A**), MCAO+vehicle (**B**), MCAO+nMSC (**C**), and MCAO+aMSCγ (**D**). **E** through **I**, Open‐field measures from sham+vehicle (black), MCAO+vehicle (red), MCAO+nMSC (blue), and MCAO+aMSCγ (green) animals of total distance traveled (**E**), ambulatory episodes (**F**), ambulatory time (**G**), average velocity (**H**), and clockwise rotations (**I**) 24 hours after surgery and treatment. **J** through **N**, Open‐field measures of total distance traveled (**J**), ambulatory episodes (**K**), ambulatory time (**L**), average velocity (**M**), and clockwise rotations (**N**) 7 days after surgery and treatment. Data are mean±SEM; n=3 animals per group. Data were compared using nonparametric Kruskal‐Wallis 1‐way ANOVA. \*Compared with Sham+Vehicle. ^\#^Compared with MCAO+Vehicle. \**P*≤0.05, ^\#^ *P*≤0.05, ^\#\#^ *P*\<0.01. **O**, Modified neurological severity score of sham+vehicle (black), MCAO+vehicle (red), MCAO+nMSC (blue), and MCAO+aMSCγ (green) animals. Data were compared using repeated‐measures 2‐way ANOVA with Holm‐Sidak multiple‐comparison testing. \*Sham+Vehicle vs MCAO+Vehicle; ^\#^MCAO+Vehicle vs MCAO+nMSC; ^‡^MCAO+Vehicle vs MCAO+aMSCγ; ^†^Day 1 vs Day 21. \*\**P*\<0.01, \*\*\**P*\<0.001, \*\*\*\**P*\<0.0001, ^\#\#^ *P*\<0.01, ^\#\#\#^ *P*\<0.001, ^\#\#\#\#^ *P*\<0.0001, ^††††^ *P*\<0.0001, ^‡‡‡^ *P*\<0.001, ^‡‡‡‡^ *P*\<0.0001. **P**, Representative T1‐weighted, T2‐weighted, and diffusion‐weighted imaging (DWI) from MCAO+vehicle (top), MCAO+nMSC (middle), and MCAO+aMSCγ (bottom) animals 48 hours after surgery. **Q**, Infarct volume calculations from MCAO+vehicle (red), MCAO+nMSC (blue), and MCAO+aMSCγ (green) animals. **R**, Percentage infarction calculations from MCAO+vehicle (red), MCAO+nMSC (blue), and MCAO+aMSCγ (green) animals. Data are mean±SEM; n=3 animals per group. Data were compared using nonparametric Kruskal‐Wallis 1‐way ANOVA. \**P*≤0.05. aMSCγ indicates interferon‐γ--activated mesenchymal stem cells; and nMSC, naive mesenchymal stem cells.](JAH3-9-e013583-g001){#jah34960-fig-0001}

Additionally, when assessed via modified neurological severity score, animals treated with both nMSC and aMSCγ exhibited a more rapid recovery, with animals returning to near baseline functional status by day 21 (Figure [1](#jah34960-fig-0001){ref-type="fig"}O). Although vehicle‐treated animals did improve significantly from day 1 to day 21, they still remained significantly more impaired compared with MSC‐treated animals, and there were no differences between nMSC‐ and aMSCγ‐treated animals. Last, MRI imaging was performed (Figure [1](#jah34960-fig-0001){ref-type="fig"}P and Video [S1](#jah34960-sup-0001){ref-type="supplementary-material"}) to quantify lesion sizes in these animals. Both nMSC‐ and aMSCγ‐treated animals had significantly smaller infarct volumes (Figure [1](#jah34960-fig-0001){ref-type="fig"}Q) and percentage infarction (Figure [1](#jah34960-fig-0001){ref-type="fig"}R) compared with vehicle‐treated animals, and sham animals demonstrated no lesion on MRI (data not shown).

MSC Reduce Microglia Activation and Inflammatory Signaling {#jah34960-sec-0022}
----------------------------------------------------------

A large portion of damage done following a stroke is a result of inflammatory mediators released by immune cells, especially activated microglia. This response results in an increase in toxic inflammatory mediators including but not limited to interleukin‐1β (IL‐1β), IL‐6, and tumor necrosis factor‐α (TNF‐α).[61](#jah34960-bib-0061){ref-type="ref"} MSC have been demonstrated to preferentially polarize peripheral macrophages to a proregenerative phenotype as well as to reduce secreted levels of IL‐12 and TNF‐α and increase secretion of the proregenerative IL‐10.[62](#jah34960-bib-0062){ref-type="ref"} Furthermore, it has been shown that in a mouse model of wound healing, both nMSC and, to a greater extent, aMSCγ MSC enhance regeneration and wound healing demonstrated by increased wound tensile strength, with this effect being abrogated by depletion of macrophages.[57](#jah34960-bib-0057){ref-type="ref"} However, how MSC affects microglia following a stroke is not fully elucidated. Microglia are specialized cells originating from a hematopoietic lineage,[63](#jah34960-bib-0063){ref-type="ref"}, [64](#jah34960-bib-0064){ref-type="ref"} similar to macrophages, and we hypothesized that these interactions between macrophages and MSC would hold. To investigate this, brain sections from vehicle‐treated, nMSC‐treated, and aMSCγ‐treated rats were evaluated for cluster of differentiation 68 (CD68) immunoreactivity 1 week after MCAO (Figure [2](#jah34960-fig-0002){ref-type="fig"}A through [2](#jah34960-fig-0002){ref-type="fig"}C). CD68 is highly expressed in the monocyte lineage.[65](#jah34960-bib-0065){ref-type="ref"} We found that animals treated with both nMSC and aMSCγ had reduced immunoreactivity for CD68 (Figure [2](#jah34960-fig-0002){ref-type="fig"}D) compared with vehicle‐treated animals, with sham animals demonstrating no CD68 immunoreactivity (for the latter, data not shown). Furthermore, when assessed at 3 weeks after MCAO, nMSC‐ and aMSCγ‐treated animals maintained reductions in CD68 immunoreactivity (Figure [2](#jah34960-fig-0002){ref-type="fig"}F and [2](#jah34960-fig-0002){ref-type="fig"}G) compared with vehicle‐treated animals (Figure [2](#jah34960-fig-0002){ref-type="fig"}E). Interestingly, at the 3‐week time point, brains from vehicle‐treated animals had undergone liquefactive necrosis with demonstration of a large cavitary lesion (Figure [2](#jah34960-fig-0002){ref-type="fig"}E, outlined by dashed white line), which was not present in nMSC‐ and aMSCγ‐treated animals (Figure [2](#jah34960-fig-0002){ref-type="fig"}F and [2](#jah34960-fig-0002){ref-type="fig"}G). In addition to quantifying total CD68 immunoreactivity, we also analyzed microglia morphology in the peri‐infarct region from vehicle‐treated (Figure [2](#jah34960-fig-0002){ref-type="fig"}H,H'), nMSC‐treated (Figure [2](#jah34960-fig-0002){ref-type="fig"}I,I'), and aMSCγ‐treated animals (Figure [2](#jah34960-fig-0002){ref-type="fig"}J,J') and found, that in vehicle‐treated animals, microglia had morphologies consistent with activated microglia with large cell bodies and few processes, whereas microglia from MSC‐treated animals exhibited morphology much more consistent with resting‐state microglia with small cell bodies and numerous branching processes.

![Mesenchymal stem cells (MSC) reduce microglia activation and inflammatory signaling.\
**A** through **C**, Representative images of CD68 staining of brain sections spaced 300 μm apart through the whole brain from middle cerebral artery occlusion (MCAO)+vehicle (**A**), MCAO+nMSC (**B**), and MCAO+aMSCγ (**C**) animals 1 week after surgery and treatment. **D**, Quantitation of CD68 staining 1 week after surgery and treatment. Data are mean±SEM; n=3 to 4 animals per group. Data were analyzed using nonparametric Kruskal‐Wallis 1‐way ANOVA. **E** through **G**, Representative images of CD68 staining of brain sections spaced 300 μm apart through the whole brain from MCAO+vehicle (**E**), MCAO+nMSC (**F**), and MCAO+aMSCγ (**G**) animals 3 weeks after surgery and treatment. Dashed lines (**E**) approximate the location of the lateral border of the tissue in a normal brain. **H** through **J**, Representative confocal images of whole brain slices of MCAO+vehicle (**H**), MCAO+nMSC (**I**), and MCAO+aMSCγ (**J**) animals 1 week after surgery and treatment stained for Iba1 (green) and CD68 (red). Scale bar represents 1 mm. **H'** through **J'**, Representative confocal images at high magnification from the white boxes in **H** through **J** stained for DAPI (blue), Iba1 (green), and CD68 (red). Scale bar represents 5 μm. **K** through **N**, Concentration of interleukin 6 (IL‐6) (**K**), tumor necrosis factor α (TNF‐α) (**L**), IL‐4 (**M**), and IL‐10 (**N**) secreted by primary microglia after priming in oxygen and glucose deprivation (OGD) and then growth in normal (black), nMSC‐conditioned medium (blue), or aMSCγ conditioned medium (green). IL‐6 and TNF‐α were assayed at 48 hours, and IL‐4 and IL‐10 were assayed at 7 days. Data are mean±SEM; n=3 independent experiments. Data were analyzed using a nonparametric Kruskal‐Wallis 1‐way ANOVA. N.D., not detected, \*Compared with Normal, \**P*≤0.05. **O** and **P**, Concentration of IL‐6 (**O**) and TNF‐α (**P**) secreted by primary microglia after OGD. Data are mean±SEM; n=3 independent experiments. Data were analyzed using a 2‐tail, unpaired t test. \**P*≤0.05. aMSCγ indicates interferon‐γ--activated mesenchymal stem cells; and nMSC, naive mesenchymal stem cells.](JAH3-9-e013583-g002){#jah34960-fig-0002}

To further characterize how microglia respond to MSC treatment following hypoxia, primary microglia were primed in oxygen‐ and glucose‐deprivation conditions (OGD) and then cultured in normal medium, conditioned medium from nMSC, or conditioned medium from aMSCγ. We found that when cultured in both nMSC‐ and aMSCγ‐conditioned media, microglia have reduced secretion of proinflammatory cytokines IL‐6 (Figure [2](#jah34960-fig-0002){ref-type="fig"}K) and TNF‐α (Figure [2](#jah34960-fig-0002){ref-type="fig"}L) 48 hours later. Additionally, although not detectable in cells grown in normal medium, levels of anti‐inflammatory IL‐4 (Figure [2](#jah34960-fig-0002){ref-type="fig"}M) and IL‐10 (Figure [2](#jah34960-fig-0002){ref-type="fig"}N) were detected at 7 days in cells grown in MSC‐conditioned media, with aMSCγ having the largest effect. These data show that, similar to previous studies with peripheral macrophages, MSC have the ability to reduce microglial activation as well as convert them from a proinflammatory phenotype to a proregenerative phenotype. To validate the effect of hypoxia on cytokine production by microglia, we subjected primary microglial‐cultured cells to OGD. Secreted levels of IL‐6 and TNF‐α (Figure [2](#jah34960-fig-0002){ref-type="fig"}O and [2](#jah34960-fig-0002){ref-type="fig"}P, respectively) were significantly increased 48 hours after OGD compared with levels at 24 hours. To determine whether alterations in cytokine production following OGD were the result of the increased number of cells, we examined the viability as well as the toxicity levels in culture using MTT \[3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide\], LDH (lactate dehydrogenase), and terminal deoxynucleotidyl transferase dUTP nick end labeling assays. We observed some reduction in viability based on the MTT assay but no sign of toxicity or apoptosis in the culture (Figures [S1](#jah34960-sup-0002){ref-type="supplementary-material"} and [S2](#jah34960-sup-0002){ref-type="supplementary-material"}). These results support the notion that MSC reverse the effect of hypoxia on microglial phenotype following stroke.

aMSCγ Induce Oligodendrogenesis Following MCAO {#jah34960-sec-0023}
----------------------------------------------

Another cell population that plays a role following stroke are neural progenitor cells (NPC) in the subventricular zone (SVZ). An estimated 10% of NPC survive after stroke.[23](#jah34960-bib-0023){ref-type="ref"} Hypotheses demonstrating the detrimental effects of inflammation on neurogenesis have been proposed.[8](#jah34960-bib-0008){ref-type="ref"}, [9](#jah34960-bib-0009){ref-type="ref"} However, how inflammatory mediators released by immune cells, especially activated microglia, affect NSC and NPC is still largely unknown. To start to address that, we quantified the extent of cell proliferation and lineage markers in both the ipsilateral SVZ and ipsilateral striatum (Figure [3](#jah34960-fig-0003){ref-type="fig"}). We found that 24 hours after MCAO, vehicle‐treated animals had a reduced number of proliferating cells, whereas aMSCγ‐treated rats had similar number of proliferating cells to sham animals (Figure [3](#jah34960-fig-0003){ref-type="fig"}A through [3](#jah34960-fig-0003){ref-type="fig"}E). Further, after MCAO, vehicle‐treated animals had no changes in the number of neuroblasts/immature neurons (Figure [3](#jah34960-fig-0003){ref-type="fig"}F). No change was observed in the number of proliferating neuroblasts (Figure [3](#jah34960-fig-0003){ref-type="fig"}G). This suggests that the increase in the number of proliferating cells observed in the MSC‐treated animals does not lead to an increased number of cells differentiating into neurons. Thus, we asked whether proliferating cells differentiate into other cell types. For this purpose we examined the number of cells expressing platelet‐derived growth factor receptor α (PDGFRα). These precursors give rise to myelin‐producing oligodendrocytes.[66](#jah34960-bib-0066){ref-type="ref"} Interestingly, we observed a marked increase in the number of cells in the oligodendrocytic lineage in the SVZ of aMSCγ‐treated rats compared with sham, vehicle‐, or nMSC‐treated MCAO rats (Figure [3](#jah34960-fig-0003){ref-type="fig"}H through [3](#jah34960-fig-0003){ref-type="fig"}R). The significant increase in the number of PDGFRα‐positive cells in the SVZ of aMSCγ‐treated rats suggested that aMSCγ induce an oligodendrogenic phenotype (Figure [3](#jah34960-fig-0003){ref-type="fig"}R).

![Interferon‐γ--activated mesenchymal stem cells (aMSCγ) induce oligodendrogenesis following middle cerebral artery occlusion (MCAO).\
**A** through **D**, Representative confocal images of the ipsilateral SVZ from sham+vehicle (**A**) MCAO+vehicle (**B**), MCAO+nMSC (**C**), and MCAO+aMSCγ (**D**) animals 24 hours after surgery and treatment stained for doublecortin (DCX, green), bromodeoxyuridine (BrdU, red), and platelet‐derived growth factor receptor α (PDGFRα, blue). Scale bar represents 100 μm. **E** through **G**, Quantification of total numbers of BrdU^+^ cells (**E**), DCX^+^ cells (**F**), and BrdU^+^DCX^+^ cells (**G**) in the ipsilateral SVZ 24 hours after MCAO. Data are mean±SEM; n=3 animals for the sham group and n=5 to 6 animals for the remaining groups. Data were analyzed using nonparametric Kruskal‐Wallis 1‐way ANOVA. \*Compared with sham+vehicle. ^\#^Compared with MCAO+vehicle. \**P*≤0.05, ^\#^ *P*≤0.05. **H** through **K**, Representative confocal images of the ipsilateral striatum from sham+vehicle (**H**), MCAO+vehicle (**I**), MCAO+nMSC (**J**), and MCAO+aMSCγ (**K**) animals 3 weeks after surgery and treatment stained for 2′3′‐cyclic‐nucleotide 3′‐phosphodiesterase (CNPase, red). Scale bar represents 20 μm. **L**, Quantification of CNPase^+^ cells in the ipsilateral striatum. Data are mean±SEM; n=3 animals per group. Data were analyzed using nonparametric Kruskal‐Wallis 1‐way ANOVA. \*Compared with sham+vehicle. ^\#^Compared with MCAO+vehicle. \*\**P*\<0.01, ^\#^ *P*≤0.05, ^\#\#\#^ *P*\<0.001. **M** through **P**, Representative confocal images of the ipsilateral striatum from sham+vehicle (**M**), MCAO+vehicle (**N**), MCAO+nMSC (**O**), and MCAO+aMSCγ (**P**) animals 3 weeks after surgery and treatment stained for PDGFRα (green). Scale bar represents 20 μm. **Q**, Quantification of PDGFRα^+^ cells in the ipsilateral striatum. Data are mean±SEM; n=3 animals per group. Data were analyzed using nonparametric 1‐way Kruskal‐Wallis ANOVA. \*Compared with sham+vehicle. ^\#^Compared with MCAO+vehicle. \**P*≤0.05, ^\#\#^ *P*\<0.01, ^\#\#\#^ *P*\<0.001. **R**, Quantification of total numbers of PDGFR^+^ cells in the ipsilateral subventricular zone (SVZ) 24 hours after MCAO. Data are mean±SEM; n=3 animals for the sham group and n=5 to 6 animals for the remaining groups. Data were analyzed using nonparametric Kruskal‐Wallis 1‐way ANOVA. \*Compared with sham+vehicle. ^\#^Compared with MCAO+vehicle. ^†^Compared with MCAO+nMSC. \**P*≤0.05, ^\#\#^ *P*\<0.01, ^††^ *P*\<0.01. **S** through **U**, Western blots of the oligoprogenitor marker PDGFRα and mature oligodendrocyte marker MBP (myelin basic protein) (**S**) and their quantification (**T** and **U**) from brain homogenate from the ipsilateral hemisphere 1 week after surgery and treatment normalized to actin. Data are mean±SEM; n=3 animals per group. Data were analyzed using nonparametric Kruskal‐Wallis 1‐way ANOVA. \*Compared with sham+vehicle. ^\#^Compared with MCAO+vehicle. ^†^Compared with MCAO+nMSC. \**P*≤0.05, ^\#^ *P*≤0.05, ^†^ *P*≤0.05. nMSC indicates naive mesenchymal stem cells.](JAH3-9-e013583-g003){#jah34960-fig-0003}

These changes, however, were not sustained 1 week after MCAO (Figure [S3](#jah34960-sup-0002){ref-type="supplementary-material"}). Additionally, when examining SVZ cell counts 3 weeks after MCAO, we found significant decreases in the numbers of neuroblasts/immature neurons (Figure [S4](#jah34960-sup-0002){ref-type="supplementary-material"}A and [S4](#jah34960-sup-0002){ref-type="supplementary-material"}B) with no changes in the number of mature oligodendrocytes in the SVZ (Figure [S4](#jah34960-sup-0002){ref-type="supplementary-material"}C). This suggests that the increase in oligodendrocyte progenitors at 24 hours contributes to cells migrating out of the SVZ into the striatum toward the ischemic lesion. To investigate this, we assessed numbers of mature oligodendrocytes and oligodendrocyte progenitor cells in the ipsilateral striatum. We found that vehicle‐treated animals had significantly fewer mature oligodendrocytes (Figure [3](#jah34960-fig-0003){ref-type="fig"}H, [3](#jah34960-fig-0003){ref-type="fig"}I, and [3](#jah34960-fig-0003){ref-type="fig"}L) based on the number of cells expressing the myelin‐associated enzyme CNPase (2′,3′‐cyclic‐nucleotide 3′‐phosphodiesterase), and oligodendrocyte progenitor cells (PDGFRα^+^ cells, Figure [3](#jah34960-fig-0003){ref-type="fig"}M, [3](#jah34960-fig-0003){ref-type="fig"}N, and [3](#jah34960-fig-0003){ref-type="fig"}Q) compared with those in sham rats. Further, animals treated with either nMSC or aMSCγ had significantly more mature oligodendrocytes (Figure [3](#jah34960-fig-0003){ref-type="fig"}J through [3](#jah34960-fig-0003){ref-type="fig"}L) as well as oligodendrocyte progenitor cells (PDGFRα^+^ cells; Figure [3](#jah34960-fig-0003){ref-type="fig"}O through [3](#jah34960-fig-0003){ref-type="fig"}Q) compared with vehicle‐treated animals. Last, total protein levels of PDGFRα and myelin basic protein were quantified in tissue lysate of the ipsilateral hemisphere from animals 1 week after MCAO (Figure [3](#jah34960-fig-0003){ref-type="fig"}S through [3](#jah34960-fig-0003){ref-type="fig"}U). In animals treated with aMSCγ there was a significant increase in the total amount of PDGFRα (Figure [3](#jah34960-fig-0003){ref-type="fig"}S and [3](#jah34960-fig-0003){ref-type="fig"}T) and myelin basic protein (Figure [3](#jah34960-fig-0003){ref-type="fig"}S and [3](#jah34960-fig-0003){ref-type="fig"}U), suggesting that aMSCγ treatment not only induces oligodendrocyte differentiation but also causes these cells to become mature, myelinating oligodendrocytes.

Changes in Microglia and NSC After Hypoxia {#jah34960-sec-0024}
------------------------------------------

To further investigate the effect of reduced oxygen on neural progenitor cells, neurosphere cultures were subjected to in vitro OGD. We found that in contrast to the in vivo conditions, OGD induced an increase in NPC proliferation, measured via bromodeoxyuridine uptake, 24 hours after exposure to OGD, but this increase was not sustained beyond 24 hours (Figure [4](#jah34960-fig-0004){ref-type="fig"}A). Additionally, mRNA levels of glia‐derived neurotrophic factor (Figure [4](#jah34960-fig-0004){ref-type="fig"}B), brain‐derived neurotrophic factor (Figure [4](#jah34960-fig-0004){ref-type="fig"}C), and IGF‐1 (insulin‐like growth factor 1; Figure [4](#jah34960-fig-0004){ref-type="fig"}D) were all significantly increased in neurosphere extracts 24 hours after OGD, but by 48 hours these mRNA levels were significantly decreased to almost nonexistent levels. To determine whether a change in neurotrophic factor production results from a change in cell number or viability of the culture, we counted the number of NPC at different time points after OGD and performed MTT, LDH, and terminal deoxynucleotidyl transferase dUTP nick end labeling. We observed that the number of NPC was not significantly changed 48 hours after OGD, although the viability of the culture was reduced (Figure [S5](#jah34960-sup-0002){ref-type="supplementary-material"}). No sign of toxicity or apoptosis was observed in culture following OGD (Figures [S5](#jah34960-sup-0002){ref-type="supplementary-material"} and [S6](#jah34960-sup-0002){ref-type="supplementary-material"}). Thus, increased production of neurotrophic factors 24 hours following OGD is not simply due to an increased number of cells in culture. We next asked whether the effect on NPC proliferation in vivo reflects a combined effect of OGD and microglia. Previous studies have implicated TNF‐α secreted by activated microglia as an inhibitor of NPC function.[8](#jah34960-bib-0008){ref-type="ref"}, [9](#jah34960-bib-0009){ref-type="ref"} To address this, neurospheres were grown in normal medium, conditioned medium from normoxia‐primed microglia, and conditioned medium from OGD‐primed microglia, and proliferation was measured via bromodeoxyuridine uptake. We found that when grown in medium from OGD‐primed microglia, NPC had a small but significantly reduced proliferation compared with NPC grown in normal medium or medium from normoxia‐primed microglia at both 48 hours (Figure [4](#jah34960-fig-0004){ref-type="fig"}E) and 72 hours (Figure [4](#jah34960-fig-0004){ref-type="fig"}F). This agrees with our result that secreted levels of IL‐6 and TNF‐α were significantly increased 48 hours after OGD compared with levels at 24 hours (Figure [2](#jah34960-fig-0002){ref-type="fig"}O and [2](#jah34960-fig-0002){ref-type="fig"}P, respectively).

![Changes in microglia (MG) and neural stem cells (NSC) after hypoxia.\
**A**, In vitro proliferation of subventricular zone (SVZ)‐derived NSC after exposure to oxygen and glucose deprivation (OGD) measured via bromodeoxyuridine (BrdU) uptake and represented as percentage of normoxia. Data are mean±SEM; n=5 independent experiments. Normoxia vs OGD data within a given time were compared using a 2‐tail unpaired t test. Data across time were compared using nonparametric Kruskal‐Wallis 1‐way ANOVA. \*Compared with normoxia; ^\#^Compared with 24 hours OGD. \**P*≤0.05, ^\#^ *P*≤0.05, ^\#\#^ *P*\<0.01. **B** through **D**, mRNA fold change levels of glia‐derived neurotrophic factor (GDNF) (**B**), brain‐derived neurotrophic factor (BDNF) (**C**), and insulin‐like growth factor (IGF‐1) (**D**) from SVZ‐derived NSC after exposure to OGD. Data are mean±SEM; n=3 independent experiments. Data were analyzed using a 2‐way ANOVA with Holm‐Sidak multiple‐comparison testing. \*\**P*\<0.01, \*\*\**P*\<0.001, \*\*\*\**P*\<0.0001. **E** and **F**, In vitro proliferation of SVZ‐derived NSC at 48 hours (**E**) and 72 hours (**F**) after exposure to normal medium (black), conditioned medium from normoxia‐primed microglia (blue), or hypoxia‐primed microglia (red) measured via BrdU uptake and represented as percentage of normal. Data are mean±SEM; n=3 independent experiments. Data were analyzed using a nonparametric Kruskal‐Wallis 1‐way ANOVA. \**P*≤0.05, \*\**P*\<0.01.](JAH3-9-e013583-g004){#jah34960-fig-0004}

MSC Promote NSC Function and Differentiation {#jah34960-sec-0025}
--------------------------------------------

To further investigate the effect of MSC on NPC phenotype, we examined the effect of MSC on trophic factor production level in OGD conditions. As shown earlier, NSC demonstrate trophic factor loss following OGD; however, IFN‐γ activation causes significant increases in MSC production of glia‐derived neurotrophic factor and IGF‐1 (Figure [S7](#jah34960-sup-0002){ref-type="supplementary-material"}, Table [S1](#jah34960-sup-0002){ref-type="supplementary-material"}), suggesting that MSC might aid in sustaining trophic factor levels after OGD. We found that, after OGD‐priming, NPC grown in a coculture system with aMSCγ have significantly increased production of mRNA for glia‐derived neurotrophic factor (Figure [5](#jah34960-fig-0005){ref-type="fig"}A), brain‐derived neurotrophic factor (Figure [5](#jah34960-fig-0005){ref-type="fig"}B), and IGF‐1 (Figure [5](#jah34960-fig-0005){ref-type="fig"}C) after both 24 and 48 hours.

![Mesenchymal stem cells (MSC) promote neural stem‐cell (NSC) function and differentiation.\
**A** through **C**, mRNA fold change levels of glia‐derived neurotrophic factor (GDNF) (**A**), brain‐derived neurotrophic factor (BDNF) (**B**), and insulin‐like growth factor 1 (IGF‐1) (**C**) from oxygen and glucose deprivation (OGD)‐primed subventricular zone (SVZ)‐derived NSC after coculture with aMSCγ in a ratio of aMSCγ:NSC of 1:10. Data are mean±SEM; n=3 independent experiments. Data were analyzed using a 2‐way ANOVA with Holm‐Sidak multiple comparison testing. \**P*≤0.05. **D** through **F**, DIC imaging of NSC grown in normal medium (**D**), nMSC‐conditioned medium (**E**), or aMSCγ‐conditioned medium (**F**). Scale bar represents 20 μm. **G** through **I**, Concatenated contour plots from bromodeoxyuridine (BrdU) flow cytometry of NSC grown in normal medium (**G**), nMSC‐conditioned medium (**H**), or aMSCγ‐conditioned medium (**I**). **J** through **L**, Quantification of cell cycle stages G0/1 (blue), S (green), and G2/M (pink) from BrdU flow cytometry of NSC grown in normal medium, nMSC‐conditioned medium, or aMSCγ‐conditioned medium at 24 hours (**J**), 48 hours (**K**), and 72 hours (**L**). Data are mean±SEM; n=3 independent experiments. Data were analyzed using 2‐way ANOVA with Holm‐Sidak multiple comparison testing. \*Compared with Normal. ^\#^Compared with nMSC. \*\**P*\<0.01, \*\*\**P*\<0.001, \*\*\*\**P*\<0.0001, ^\#\#\#\#^ *P*\<0.0001. **M** through **O**, Western blots of lineage‐specific markers GFAP (glial fibrillary acidic protein) (astrocytes) and platelet‐derived growth factor receptor α (PDGFRα) (oligodendrocytes) (**M**) and their quantification (**N** and **O**) from NSC grown in normal medium, nMSC‐conditioned medium, or aMSCγ‐conditioned medium for 6 days normalized to actin. **P** through **R**, Western blots of lineage‐specific markers neurofilament L (neurons) and Sox2 (stem cells) (**P**) and their quantification (**Q** and **R**) from NSC grown in normal medium, nMSC‐conditioned medium, or aMSCγ‐conditioned medium for 6 days normalized to actin. Data are mean±SEM; n=3 independent experiments. Data were analyzed using nonparametric Kruskal‐Wallis 1‐way ANOVA. \*Compared with Normal. \**P*≤0.05, \*\**P*\<0.01. 7‐AAD indicates 7‐aminoactinomycin D; aMSCγ, interferon‐γ--activated mesenchymal stem cells; DIC, differential interference contrast; and nMSC, naive mesenchymal stem cells.](JAH3-9-e013583-g005){#jah34960-fig-0005}

Normally, NSC grow as neurospheres in suspension (Figure [5](#jah34960-fig-0005){ref-type="fig"}D). However, after culture in conditioned medium from either nMSC or aMSCγ, these cells adhere to the plate and put out fine processes (Figure [5](#jah34960-fig-0005){ref-type="fig"}E and [5](#jah34960-fig-0005){ref-type="fig"}F), similar to their morphology while undergoing differentiation. To determine how MSC‐conditioned medium affected the NPC cell cycle, bromodeoxyuridine flow cytometry was performed to determine the percentage of cells in each of the cell cycle stages (Figure [5](#jah34960-fig-0005){ref-type="fig"}G through [5](#jah34960-fig-0005){ref-type="fig"}L). We found that when grown in nMSC‐conditioned medium and, to a larger extent, aMSCγ‐conditioned medium, NPC had significantly fewer cells in the S phase of the cell cycle and significantly more cells in the G0/1 phase of the cell cycle at 24 hours (Figure [5](#jah34960-fig-0005){ref-type="fig"}J), 48 hours (Figure [5](#jah34960-fig-0005){ref-type="fig"}K), and 72 hours (Figure [5](#jah34960-fig-0005){ref-type="fig"}L), suggesting that these cells are no longer proliferating and are exiting the cell cycle---a process that occurs when these cells undergo differentiation.

To determine what types of cells these NPC were becoming, they were grown for 6 days in either normal medium, nMSC‐conditioned medium, or aMSCγ‐conditioned medium, at which point lineage‐specific markers were analyzed by Western blot (Figure [5](#jah34960-fig-0005){ref-type="fig"}M through [5](#jah34960-fig-0005){ref-type="fig"}R, Table [S2](#jah34960-sup-0002){ref-type="supplementary-material"}). We found that, when the cells were grown in nMSC‐conditioned medium and, to a significant extent, aMSCγ‐conditioned medium, there was reduced expression of the astrocyte marker glial fibrillary acidic protein (Figure [5](#jah34960-fig-0005){ref-type="fig"}N), the neuron marker neurofilament L (Figure [5](#jah34960-fig-0005){ref-type="fig"}Q), and the stem‐cell marker Sox2 (Figure [5](#jah34960-fig-0005){ref-type="fig"}R), with significantly increased expression of the oligodendrocyte lineage marker PDGFRα (Figure [5](#jah34960-fig-0005){ref-type="fig"}O). Together, these data support our in vivo observations and demonstrate that conditioned medium from MSC, with a larger effect from aMSCγ, causes NPC to differentiate toward an oligodendrocyte lineage.

Identification of the MSC Secretome {#jah34960-sec-0026}
-----------------------------------

The protein secretome from MSC (for MSC identification and characterization see Figures [S8](#jah34960-sup-0002){ref-type="supplementary-material"} and [S9](#jah34960-sup-0002){ref-type="supplementary-material"}) has been described under various conditions[67](#jah34960-bib-0067){ref-type="ref"}, [68](#jah34960-bib-0068){ref-type="ref"}, [69](#jah34960-bib-0069){ref-type="ref"}, [70](#jah34960-bib-0070){ref-type="ref"}, [71](#jah34960-bib-0071){ref-type="ref"}; however, it is unknown what factors secreted by MSC induce NPC oligodendrogenesis and phenotype change in microglia subjected to hypoxic conditions. In addition, the differences in secreted proteins between nMSC and aMSCγ have never been described before. Based on the data presented in this study, aMSCγ exert a more potent effect on microglial phenotype and induce oligodendrogenesis and myelination. Therefore, in order to determine what potential protein factors secreted by the aMSCγ were responsible for the changes we observed in vitro and in vivo, proteomics analyses of the MSC and aMSCγ secretome were performed via mass spectrometry (Figure [6](#jah34960-fig-0006){ref-type="fig"}; for the full list of proteins see Tables [S3](#jah34960-sup-0002){ref-type="supplementary-material"} and [S4](#jah34960-sup-0002){ref-type="supplementary-material"}). From this approach, 244 proteins were identified, with 16 proteins being unique to nMSC, 27 proteins being unique to aMSCγ, and the remaining 201 proteins being secreted by both MSC types (Figure [6](#jah34960-fig-0006){ref-type="fig"}A). Additionally, secreted proteins belong to many different biologic processes and protein classes with almost a quarter of proteins (21.6%) belonging to the signaling molecule or extracellular matrix classes (Figure [6](#jah34960-fig-0006){ref-type="fig"}B). Further, the secretome between both experimental and biological replicates remains consistent with very little variability between replicates both in the number of secreted proteins and the amount of those proteins (Figure [6](#jah34960-fig-0006){ref-type="fig"}C). Furthermore, with ex vivo IFN‐γ activation, there are 18 proteins that are significantly upregulated (\>2‐fold increase, *P*\<0.008) and 21 proteins that are significantly downregulated (\>2‐fold decrease, *P*\<0.008) compared with nMSC (Figure [6](#jah34960-fig-0006){ref-type="fig"}D). Notably, aMSCγ but not nMSC induce upregulation of CSPG4 (chondroitin sulfate proteoglycan 4), an important extracellular signal and a hallmark protein of oligodendrocyte precursor cells (OPC).[72](#jah34960-bib-0072){ref-type="ref"} In addition, we observed upregulation of BMP1 (bone morphogenetic protein 1 ), which promotes the generation of mature myelinating oligodendrocytes in vivo.[73](#jah34960-bib-0073){ref-type="ref"} MetaCore (Thomson Reuters, Toronto, Ontario, Canada) pathway analysis of these differential proteins resulted in 24 significantly enriched pathways (Tables [S3](#jah34960-sup-0002){ref-type="supplementary-material"} and [S4](#jah34960-sup-0002){ref-type="supplementary-material"}, false discovery rate, FDR\<0.05 ).

![Identification of the interferon‐γ--activated and naive mesenchymal stem cell (aMSCγ, nMSC) secretome.\
**A**, Venn diagram illustrating the number of proteins identified in each medium type. **B**, Biologic process (top chart) and protein class (bottom chart) breakdowns of identified proteins. **C**, Heat map analysis of biological replicates from both nMSC‐ and aMSCγ‐conditioned media. **D**, Volcano plot showing differentially secreted proteins between aMSCγ and nMSC. Positive fold changes indicate higher expression in aMSCγ, and negative fold changes indicate higher expression in nMSC. Data are mean±SEM; n=3 independent experiments. Data were analyzed by a permutation test with unadjusted significance level *P*\<0.05 corrected by the Benjamini‐Hochberg procedure (new *P*\<0.008).](JAH3-9-e013583-g006){#jah34960-fig-0006}

Discussion {#jah34960-sec-0027}
==========

This study reports several important observations. We first showed that, when administered 3 hours after ischemic injury, MSC treatment leads to a significant functional recovery of treated animals as a direct result of preservation of brain parenchyma. In that regard, for various reasons, including delay to treatment and lack of recognition of stroke symptoms, no stroke therapy can be developed to completely regenerate infarcted tissue or to prevent the formation of an infarct core. Consequently, therapies aimed at limiting the size of the infarct and infarct penumbra are most clinically relevant. Related to this, preservation of the support structure within the penumbra is crucial for long‐term functional recovery after stroke. Thus, the observation that MSC treatment as administered in this study can minimize the infarct and penumbra is highly significant. The feasibility of this treatment is similar to that of tissue plasminogen activator, the only treatment currently available for acute ischemic stroke[16](#jah34960-bib-0016){ref-type="ref"} within 3 hours of onset. Because MSC do not induce a host immune response, they could be banked as a blood‐ bank product and should be available for treatment on thawing.

Second, we demonstrated that MSC reverse the proinflammatory phenotype of microglia induced by hypoxia and ischemia. Additionally, treatment of stroke animals by both nMSC and aMSCγ leads to a significant reduction in CD68^+^ monocytes and microglia, which may contribute to the preservation of brain tissue and the reduction in infarct size. This observation suggests that MSC are effective modifiers of microglial or monocyte phenotype, and their effect may be applicable to other brain insults characterized by increased inflammation. It should be noted that Iba‐1 and CD68 recognize both microglia and infiltrating monocytes, which can present a different phenotype. Thus, we cannot exclude the possibility that the detected effect reflects both cell types.

Third, we showed that aMSCγ are more potent than nMSC. Although both nMSC and aMSCγ lead to equivalent levels of functional recovery, aMSCγ exert 2 main molecular and cellular advantages that we believe make them a better therapeutic option. We showed (1) that, compared with nMSC, aMSCγ cause significant increases in anti‐inflammatory cytokine secretion by microglia with corresponding decreases in proinflammatory cytokines, and (2) that treatment with aMSCγ in vivo more effectively induces oligodendrocyte differentiation and myelination. Thus, we propose that aMSCγ would be a significantly more effective therapeutic agent than nMSC.

Fourth, in contrast to previous reports, we observed that ischemia suppresses the proliferation of neural progenitor cells in the SVZ and that neurogenesis is not induced either by ischemia or by MSC treatment. Therefore, future therapeutic avenues should test the regenerative efficacy of aMSCγ in combination with proneurogenic approaches.

Fifth, we showed that treatment with aMSCγ after stroke induced a significant increase in the number of oligodendrocyte progenitor cells (OPC) in the SVZ, ultimately leading to their differentiation and increased myelin production. We also demonstrated a significant increase in the number of OPC and mature oligodendrocytes in the striatum of stroke animals treated with aMSCγ. To start to address the mechanism underlying aMSCγ‐induced oligodendrogenesis, we compared the secretome of aMSCγ and nMSC. We unraveled a set of proteins that may be involved in the differential effect exerted by aMSCγ, which may underlie the robust pro‐oligodendrogenic response seen with aMSCγ treatment. For example, we observed upregulation of BMP1, which promotes the generation of mature myelinating oligodendrocytes in vivo.[73](#jah34960-bib-0073){ref-type="ref"} Further, we observed upregulation of chondroitin sulfate proteoglycan 4 (CSPG4, also known as neuron‐glia antigen 2), an important extracellular signal and a hallmark protein of the OPC. Mutations in CSPG4 cause OPC dysfunction and are implicated in familial schizophrenia.[74](#jah34960-bib-0074){ref-type="ref"} Interestingly, CSPG4 is highly expressed by brain pericytes, an important component of the neurovascular unit. Thus, it is possible that aMSCγ affect the composition of the blood‐brain barrier.[75](#jah34960-bib-0075){ref-type="ref"} This may have implications for the integrity of the blood‐brain barrier and for brain function.[76](#jah34960-bib-0076){ref-type="ref"} In support of this notion, the administration of MSC‐derived extracellular vesicles following spinal cord injury enhanced the integrity of the blood--spinal cord barrier by affecting pericyte signaling.[77](#jah34960-bib-0077){ref-type="ref"} Another important extracellular component upregulated in aMSCγ is collagen α‐2(VI), 1 of the 3 α‐chains of type VI collagen, a protein known to have a protective effect in the central nervous system under stress conditions, including enhancement of neural cell viability and reduction of oxidative stress.[78](#jah34960-bib-0078){ref-type="ref"} Importantly, an earlier study suggested that collagen VI regulates proper myelination in the peripheral nervous system.[79](#jah34960-bib-0079){ref-type="ref"} Interestingly, we observed that Svep1 (sushi, von Willebrand factor type A, EGF, and pentraxin domain containing 1) and SRPX2 (sushi repeat containing protein X‐linked 2) are differentially upregulated in the aMSCγ. SRPX2 is implicated in angiogenesis and is a ligand of the urokinase plasminogen activator surface receptor.[80](#jah34960-bib-0080){ref-type="ref"} In addition, it was shown to promote synapse formation.[81](#jah34960-bib-0081){ref-type="ref"} On the other hand, we observed downregulation of the immunomodulator SEMA7A (Semaphorin 7A) involved in inflammatory responses. SEMA7A is also known as the John‐Milton‐Hagen blood group antigen, an 80‐kDa glycoprotein expressed on activated lymphocytes and erythrocytes. Interestingly, SEMA5A is an inhibitor of axonal growth expressed by oligodendrocytes and their precursor cells in the developing optic nerve and is thought to contribute to the inhibition of CNS axon growth by oligodendrocyte lineage cells after injury.[82](#jah34960-bib-0082){ref-type="ref"} In addition, we observed downregulation of olfm13‐ expressed on microglia.[83](#jah34960-bib-0083){ref-type="ref"} Of note, Q6AYQ9 peptidyl‐prolyl *cis‐trans* isomerase is expressed in MSC, but its role and the significance of its levels are yet to be understood.

One limitation of this study is the small sample size. A prerequisite for the successful translation of this approach would be the examination of this treatment in a large cohort. In addition, further studies are warranted in order to determine whether poststroke treatment with aMSCγ promotes neuronal replacement. In that regard the efficacy of a combined therapy of aMSCγ with other stem cell--based promising treatments that promote neuronal production is an avenue worth exploring. For example, vasculoprotective drugs, such as activated protein C, a serine protease known to promote cytoprotective signaling in the ischemic brain endothelium at the blood‐brain barrier,[84](#jah34960-bib-0084){ref-type="ref"} have been shown to stimulate neuronal production by transplanted human NSC, promote circuit restoration, and improve functional recovery.[85](#jah34960-bib-0085){ref-type="ref"}

In summary, our study reveals important information that advances our understanding of the efficacy and therapeutic potential of MSC for the treatment of ischemic stroke. It provides a potent alternative in the form of aMSCγ and unravels its mechanism of action, which may facilitate drug development.
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